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rr) Basic requirements f o r  p inpo in t  v e r t i c a l  
F. r eusab le  b a l l i s t i c  veh ic l e s  a re  i d e n t i f i e d .  The goa l  of us ing  
0 main rocket propuls ion  wi th  a maximum AV pena l ty  of less than 

about  300 meters p e r  second appears t o  be a reasonable  one. 0 

T h e  d e s i r e  f o r  a p inpo in t  landing  with low AV i nd i -  
cates t h e  need fo r  f u l l y  automatic systems,  i nc lud ing  onboard 
naviga t ion .  Because of expected d r i f t ,  radio updates of  t h e  
onboard i n e r t i a l  naviga t ion  system are necessary for  t h e  l a s t  
f e w  hundred kilometers before  landing.  Poss ib l e  a p p l i c a t i o n s  
and t h e  l i m i t a t i o n s  of c u r r e n t  a i r c ra f t  naviga t ion  aids are 
d i s  cussed . 

Three s e p a r a t e  guidance phases dur ing  r e e n t r y  and 
landing  are i d e n t i f i e d .  T r i m  o f f s e t  t o  o b t a i n  small  amounts 
of l i f t  dur ing r e e n t r y  i s  obtained through use of a f l a p  on 
t h e  s i d e  of t h e  vehic le .  With l i f t  modulation, e i t h e r  through 
r o l l  s t e e r i n g  o r  f l a p  p o s i t i o n  changes, a guidance phase 
s i m i l a r  t o  t h a t  of  Gemini or Apollo r e e n t r y  appears q u i t e  
adequate t o  come wi th in  s e v e r a l  k i l o m e t e r s  of t h e  t a r g e t  po in t .  
An in t e rmed ia t e  phase us ing  a c t i v e  f l a p  changes i s  then  needed 
du r ing  subsonic  speeds t o  come wi th in  s e v e r a l  hundred meters 
o f  the target.  A t e rmina l  braking phase us ing  the  main engines 
and an e x p l i c i t  guidance similar t o  t h a t  of t h e  Apollo Lunar 
Module i s  used between an a l t i t u d e  of about 6 0 0  meters and 
touchdown. 

Severa l  problem areas  are i d e n t i f i e d .  The d e t a i l s  
of r e e n t r y  guidance need  t o  be  analyzed t o  determine t h e  
minimum v e h i c l e  L/D needed t o  keep loads below 3g and t o  allow 
fo r  expected naviga t ion  and guidance d i spe r s ions .  An L/D of 
0 .3  appears t o  be adequate ,  b u t  smaller va lues  are desirable 
f r o m  a boost performance s tandpoin t .  The aerothermodynamics 
of base-f i rs t  cones w i t h  a f l a p  a t t ached  need t o  be s t u d i e d  
f u r t h e r .  A d e t a i l e d  s imula to r ,  i nc lud ing  wind e f f e c t s  and 
perhaps s i x  degrees-of-freedom, i s  necessary t o  demonstrate 
concept  v a l i d i t y ,  minimum i n t e r m e d i a t e  phase f l a p  power requi re -  
ments , and terml’nal phase AV requirements.  
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1 .0  INTRODUCTION 

1.1 B a l l i s t i c  Ear th  Orb i t  S h u t t l e  Concepts 

Severa l  reusable  one and t w o  s t a g e  b a l l i s t i c  veh ic l e s  
(Ref. 1-7) have been suggested as a l t e r n a t i v e s  t o  NASA's c u r r e n t  
Ear th  o r b i t  s h u t t l e  concept of t w o  l i f t i n g  body vehic les .  
Phys ica l ly ,  many of t hese  vehic les  have a c o n i c a l  shape s imilar  
t o  t h a t  of t h e  Apollo command module. However, t h e  cone i s  
f r equen t ly  t runca ted ;  and t h e  cone h a l f  angle  i s  o f t e n  less 
than Apollo 's  33'. Ascent propuls ion is supp l i ed  e i t h e r  by 
a large diameter plug nozzle  engine s i t u a t e d  around t h e  base 
of t h e  cone o r  by a number of  high chamber p re s su re  b e l l  
n o z z l e  engines  placed around the  base.  Take-off, n a t u r a l l y ,  
is v e r t i c a l .  

The landing is also performed v e r t i c a l l y  af ter  a 
b a s e - f i r s t  r een t ry  from o r b i t .  
blem considered here .  

This i s  t h e  phase of t h e  pro- 

1.2 Landing Requirements 

The most important  requirements are t h a t  t h e  veh ic l e  
touch down with very s m a l l  ho r i zon ta l  and vertical  velocities 
( less  than about 1 t o  3 m/sec) i n  the proper  t a i l - s i t t i n g  
a l t i t u d e ,  Addi t iona l ly ,  t h e  dece le ra t ion  f e l t  by t h e  veh ic l e  
and i t s  contents  should be l imi t ed  t o  t h e  NASA space s h u t t l e  
gu ide l ine  o f  3g. 

I n  o rde r  f o r  t h i s  concept t o  rea l ize  i t s  p o t e n t i a l  
performance and cost advantages,  t h e  characteristic AV requi red  
for  t h e  landing maneuver should be ke t t o  about 300 m/sec 

reasonably supp l i ed  by the  main engines i n  a t h r o t t l e d  con- 
d i t i o n .  

(% l O O b  f t / s e c . )  . Veloci ty  changes 0 i! t h i s  magnitude .can be 

I f  l a r g e r  c h a r a c t e r i s t i c  AV's are needed, a d i f f e r e n t  
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system such as turboje t  lift engines may be necessary t o  keep 
t h e  weight pena l ty  reasonable.  I n  add i t ion  t o  t h e  weight  and 
payload pena l ty ,  t he  add i t ion  of such a system adds complexity. 
Hence, a landing AV penal ty  of 300 m/sec o r  less is d e s i r a b l e .  

Landing accuracy can also a f f e c t  t h e  c o s t  of opera t ions .  
Landing should c e r t a i n l y  take  place nea r  t h e  launch s i t e  t o  
minimize t h e  ground opera t ions  r equ i r ed  before  t h e  nex t  launch. 
The u l t i m a t e  s o l u t i o n  would be t o  have t h e  veh ic l e  land on t h e  
launch pad. This f e a t  requi res  a landing wi th in  about 3 m ( %  1 0  f t )  
of the t a r g e t ,  bu t  the  requirement i s  s t rong ly  inf luenced by 
launch pad and veh ic l e  design. 

1.3 Aspects of the  Problem 

The remainder of t h i s  memorandum is  divided i n t o  
t h r e e  main s e c t i o n s  according t o  t h e  t h r e e  aspec ts  of meeting 
t h e  landing  requirements : 

1. Navigation - What i s  t h e  p re sen t  s ta te  
( p o s i t i o n  and v e l o c i t y )  of  t h e  vehic le?  

2.  Guidance - What should be done now t o  g e t  
the veh ic l e  t o  t h e  t a r g e t  po in t ?  

3. Control - How should t h e  t h r u s t  o r  aero- 
dynamic su r faces  be changed t o  c a r r y  ou t  
t he  guidance commands? 

I 

Figure 1 shows t h e  r e l a t i o n s h i p s  among these t h r e e  
func t ions  and t h e  phys ica l  operat ion of t h e  vehicle .  Most of 
t h e  blocks l abe led  as navigat ion,  guidance, and c o n t r o l  systems 
a r e  contained wi th in  the c e n t r a l  computer of  t h e  veh ic l e .  The 
s e p a r a t i o n  between t h e  guidance system and t h e  control system 
i s  n o t  sha rp ly  def ined,  b u t  only gene ra l ly  ind ica ted .  For t h i s  
reason,  they are considered toge ther  i n  Sec t ion  3 .  

The concept t h a t  i s  m o s t  poorly def ined  f o r  t h e  
p r e s e n t  problem and t h a t  con t r ibu te s  m o s t  s t rong ly  t o  AV i s  
guidance; and hence, t h e  m o s t  a t t e n t i o n  i s  pa id  t o  it. 

2.0 NAVIGATION 

2 . 1  Apollo Reentry Naviqation 

Before d e o r b i t  from an o r b i t a l  Apollo or Gemini 
'miss ion ,  p o s i t i o n  and ve loc i ty  information der ived  f r o m  t h e  
MSFN t r a c k i n g  network must be used t o  i n i t i a l i z e  t h e  onboard 
i n e r t i a l  system (Ref. 8 ) .  The updating information has  3a 
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accurac ies  o f  about 1 k m  and .75 m/sec i n  each ax i s .  The 
r e s u l t i n g  3a p o s i t i o n  ind ica t ion  errors f o r  t h e  nominal 
AS-204 r een t ry  w e r e  4 . 4  km downrange, 1 . 7  k m  crossrange,  and 
3.8 k m  i n  a l t i t u d e .  

During r e e n t r y ,  t he  Apollo command module depends 
on i ts  i n e r t i a l  naviga t ion  s y s t e m  t o  keep track of  the s t a t e  
of the vehic le .  A t t i t ude  i n i t i a l i z a t i o n  errors, gyro d r i f t ,  
and accelerometer bias con t r ibu te  t o  r e e n t r y  naviga t ion  e r r o r s .  
I f  t h e  I n e r t i a l  Measuring Unit ( I M U )  i s  a l igned  between 15 
and 60 minutes be fo re  r e t r o f i r e  and i f  t he  accelerometer out-  
pu t s  are n o t  used u n t i l  an a l t i t u d e  of 120 k m  (400 ,000  f t)  i s  
reached, the  30 d i spe r s ions  i n  a c t u a l  m i s s  f o r  t h e  nominal 
AS-204 r een t ry  are 6 . 1  km downrange and 5 . 3  k m  crossrange. 

The t o t a l  (RSS) d i spe r s ions  due t o  these navigat ion 
errors are then about 7.5 k m  downrange and 5.6 k m  crossrange 
w i t h  an a l t i t u d e  i n d i c a t i o n  e r r o r  of  s e v e r a l  km ( 3 ~ ) .  

2 .2  Navigation Accuracy Improvement 

Obviously, i n  order  t o  land propuls ive ly  on the  launch 
pad, t he  naviga t ion  accuracy must be improved considerably over 
that  i n d i c a t e d  above; b u t  t h e  improved accuracy need n o t  come a t  
the beginning of t h e  reent ry .  The f i n a l  accuracy must be some- 
w h a t  b e t t e r  than t h e  3 m touchdown miss allowed, bu t  that  degree 
of accuracy need n o t  come u n t i l  very c l o s e  t o  touchdown. 

W i t h  a p i l o t e d ,  a i r c r a f t - l i k e  v e h i c l e ,  t h e  te rmina l  
naviga t ion  accuracy i s  suppl ied by the p i l o t ' s  v i s i o n ;  b u t  
w i t h  f u t u r e  s h u t t l e  concepts ,  a f u l l y  automatic landing i s  
desirable. Navigation updating (the d o t t e d  information path 
i n  Figure 1) may be suppl ied  by one or more electromagnet ic  
(radio or  laser) l i n k s  t o  sites n e a r  t h e  t a r g e t .  

The naviga t ion  system cannot be updated by r a d i o  
l i n k s  during r e e n t r y  u n t i l  the v e h i c l e  is ou t  of blackout.  
However, w i t h  o r b i t a l  reent ry  of a low dens i ty  veh ic l e ,  black- 
o u t  ends w e l l  short  of the t a r g e t  p o i n t  (Ref. 9 ) .  Navigat ional  
accuracy requirements a t  var ious p o i n t s  i n  the t r a j e c t o r y  are 
dependent upon t h e  c a p a b i l i t y  f o r  error co r rec t ion  i n  t h e  re- 
maining p o r t i o n  of t h e  t r a j e c t o r y  and t h e  cost of making up ' 

those e r r o r s .  T h e  information presented  i n  Ref. 1 0  and 11 
and d iscussed  i n  Appendix A indicates tha t  naviga t ion  updates 
should begin a t  least  about 100 t o  300 km s h o r t  of the landing 
s i te ,  because f r o m  t h a t  d i s tance  any expected errors can be 

' cor rec t ed  by Apollo-like guidance. 
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2.3 Poss ib le  Mechanizations of Navigational Updates 

T h i s  subsection d iscusses  some p o s s i b l e  devices  
which could be  used t o  make measurements and supply updates 
f o r  t h e  veh ic l e  i n e r t i a l  navigat ion system. I t  i s  assumed 
t h a t  m o s t  of t h e  antenna gain and t r a n s m i t t e r  power w i l l  be 
on t h e  ground, s i n c e  antennas on t h e  e n t r y  veh ic l e  must 
su rv ive  reent ry .  

2.3.1 Radio Beacons 

Radio beacons a r e  transponders which a l l o w  t h e  
v e h i c l e  t o  make measurements of range and range rate between 
t h e  veh ic l e  and t h e  beacon. Transponders aboard t h e  Apollo 
s p a c e c r a f t  and aboard i n t e r p l a n e t a r y  s p a c e c r a f t  perform t h i s  
func t ion  f o r  Earth-based t r ack ing  networks. The d i f f e r e n c e  
wi th  any transponders used i n  t h e  p r e s e n t  s i t u a t i o n  i s  t h a t  
t h e  range i s  much less and the measurements must be  taken 
much more of ten .  

A range measurement from one beacon g ives  a sphere 
of unce r t a in ty  f o r  t h e  p o s i t i o n  of t h e  vehic le .  A second range 
measurement from a second beacon g ives  a circle of unce r t a in ty  
from t h e  i n t e r s e c t i o n  o f  two spheres  of unce r t a in ty .  The exac t  
p o s i t i o n  can then be completely determined e i t h e r  by a r ada r  
a l t i m e t e r  measurement o r  by a measurement from a t h i r d  beacon. 

The equipment needed t o  give t h e  d e s i r e d  range and 
accuracy remains t o  be determined. 

2.3.2 Microwave Scanning Beam Sys terns 

A development model of a microwave scanning beam 
system has been t e s t e d  as an  accura te  s u b s t i t u t e  f o r  t h e  
p r e s e n t  Instrument Landing Systems ( I L S )  f o r  a l l  weather air- 
c r a f t  landing (Ref. 1 2  and 1 3 ) .  The system c o n s i s t s  of 
e l e c t r o n i c s  and t w o  narrow-beamwidth antennas (.one f o r  azimuth 
and one f o r  e l e v a t i o n )  which scan back and f o r t h  while  they 
t r a n s m i t  information on t h e  angle  a t  which they a r e  pointed.  
When the  a i r c r a f t  r ece ives  t h i s  information,  it knows t h a t  it 
is a t  t h e  ind ica t ed  angle  from t h e  t r a n s m i t t i n g  s t a t i o n .  3a 
dev ia t ions  obtained from the four-year-old t es t  r e s u l t s  are 
as fol lows:  
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Elevat ion  angle:  -09" 

Azimuth angle : i 1 5 O  

\ 

Range : 90m 

An a c q u i s i t i o n  range of up t o  about 40 k m  i s  i n d i c a t e d  by 
Ref. 13. 

With a f e w  changes i n  s p e c i f i c a t i o n s ,  such a system 
could be used f o r  t h e  ba l l i s t i c  booster landing.  To do t h i s ,  
t h e  a c q u i s i t i o n  range must be inc reased  by about an order of  
magnitude, b u t  t h e  f e a s i b i l i t y  of t h i s  range ex tens ion  is  
unknown. The range measurements are e s s e n t i a l l y  u s e l e s s  for  
t h e  f i n a l  phases of landing because of t h e i r  poor accuracy,  
although they are u s e f u l  before  the f i n a l  phases. I n  a d d i t i o n ,  
because of t h e  almost v e r t i c a l  t e rmina l  descen t  of  the b a l l i s t i c  
booster landing,  the  angles  through which the antennas must 
ope ra t e  are much larger than  those necessary f o r  an a i r c r a f t  
on f i n a l  approach t o  a convent ional  runway. However, i f  t w o  
t r a n s m i t t i n g  f ac i l i t i e s  are located w i t h i n  about  1 km of the  
landing  s i te  and i n  d i f f e r e n t  d i r e c t i o n s  from it ,  t h e  azimuth 
accuracy given above can supply bet ter  than  3 m h o r i z o n t a l  
accuracy (3a) f o r  t h e  touchdown. I n  a d d i t i o n ,  f u t u r e  accuracy 
improvements do n o t  seem un l ike ly .  

2.3.3 A i r c r a f t  Navigat ional  A i d s  

Severa l  other a i r c r a f t  n a v i g a t i o n a l  aids p r e s e n t l y  
i n  e x i s t e n c e  p r e s e n t  the oppor tuni ty  f o r  a d d i t i o n a l  i n t e r -  
mediate range nav iga t iona l  information. E x i s t i n g  f ac i l i t i e s  
t h a t  are n o t  co inc iden t  w i t h  the launch s i te  could be used. 

One nav iga t iona l  concept is TACAN. Each s t a t i o n  can 
supply range and azimuth information a t  a maximum range of 
from 320 km t o  480 km. 3a p o s i t i o n  accuracy of t h e  system i s  
sa id  t o  be 0 . 6  km i n  d i s t ance  from the s t a t i o n  and 2.3' i n  
azimuth f r o m  the  s t a t i o n  (Ref. 14). 

Another u s e f u l  concept i s  LORAN-C. Three s t a t i o n s  
are r e q u i r e d  f o r  a complete p o s i t i o n  f i x .  Maximum range 
extends from 2200 k m  t o  3700 km. P o s i t i o n  can be determined 
t o  the order of  300 rn (3a) ( R e f .  14). 
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O t h e r  concepts e x i s t ,  b u t  m o s t  are less u s e f u l  due 
t o  poorer  accurac ies  , requirements f o r  long t r ack ing  t i m e s  
and restricted coverage. 

2 .3 .4  Laser Radar 

Laser radar systems employing cooperat ive lasers 
a t  both  ends of the rada r  l i n k ,  have been i n v e s t i g a t e d  f o r  
use i n  rendezvous and docking opera t ions  i n  space (Ref. 15). 
A t  s h o r t  ranges,  t he  system simulated has  angular  e r r o r s  about 
t h e  same as the microwave scanning beam systems d iscussed  above, 
b u t  the 3u range accuracy i s  about 0 .1  m. I n  a d d i t i o n ,  accura te  
range rate and angular  r a t e  information i s  suppl ied  by t h e  radar .  
An a c q u i s i t i o n  range of a b o u t  120 km i s  claimed f o r  t h e  system. 

t i v e l y  blocked by r a i n  and clouds,  thereby precluding i t s  use 
as a primary aid.  A laser  radar  may never the less  be  d e s i r a b l e  
t o  supplement a r ad io  frequency system f o r  high accuracy i n  
t h e  te rmina l  phase of the landing, although it would be u s e f u l  
on ly  below the  o p e r a t i o n a l  c e i l i n g .  

However, the o p t i c a l  wavelength used can be effec- 

3.0 GUIDANCE AND CONTROL 

This s e c t i o n  discusses the philosophy of how the 
v e h i c l e  should be  guided through the reen t ry  and landing. 
F i r s t ,  methods of ob ta in ing  smal l  amounts of l i f t  are dis- 
cussed. Then, Apollo guidance f o r  r e e n t r y  from o r b i t  i s  
d iscussed  and i d e n t i f i e d  as a reasonable approach f o r  the 
v e h i c l e s  considered. The te rmina l ,  p ropuls ive  landing phase 
i s  nex t  d i scussed ,  and f u e l  requirements are i d e n t i f i e d .  
F i n a l l y ,  t h e  need f o r  an intermediate  guidance phase is 
ind ica t ed . and  two p o s s i b l e  approaches f o r  t h i s  phase are 
discussed.  

3.1 Obtaining L i f t  

To perform a con t ro l l ed  e n t r y  maneuver wi thout  
active propuls ion ,  some l i f t  i s  necessary from the veh ic l e  
shape and angle-of-attack. Gemini and Apollo genera te  a 
t r i m  angle-of-attack by a center-of-mass o f f s e t  from the 
v e h i c l e  c e n t e r l i n e .  The vehic le  then f l y s  a t  t h i s  angle- 
o f - a t t ack  even if no t h r u s t e r  c o n t r o l  torques are app l i ed  
to t h e  vehic le .  
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Center-of-mass o f f s e t  could be used i n  t h e  p re sen t  
concept w i t h  an asymmetric i n t e r n a l  arrangement and perhaps 
wi th  f l u i d  t h a t  could be pumped t o  one s i d e  or t h e  o t h e r  of 
t h e  c r a f t .  However, t h i s  course r equ i r e s  e x t r a  tankage and 
plumbing and f a i r l y  long t i m e s  f o r  f l u i d  t r a n s f e r .  

An apparent ly  more a t t r a c t i v e  concept t o  supply a 
t r i m  angle-of-attack i s  a f l a p  which hangs o u t  from t h e  s i d e  
of  t h e  veh ic l e  i n t o  t h e  airs t ream. However, there i s  a good 
d e a l  more t h a t  should be known about t h e  aerodynamics of such 
a conf igura t ion  w i t h  var ious f l a p  s i z e s  and pos i t i ons .  One 
needs t o  know dynamic s t a b i l i t y  c o e f f i c i e n t s  as w e l l  as l i f t  
and moment versus  angle-of-attack so t h a t  f l a p  s i z e  and allow- 
able center-of-mass l o c a t i o n  range can be determined. Inves t i -  
g a t i o n  of l o c a l  hea t ing  e f f e c t s  i n  the  v i c i n i t y  of t h e  f l a p  
should also be included. The d a t a  should extend from hyper- 
s o n i c  speeds t o  subsonic speeds,  and the subsonic  d a t a  should 
inc lude  information a t  l a r g e  angles-of-attack f o r  use during 
t h e  in te rmedia te  and t e r m i n a l  phases of t h e  reent ry .  

3.2 R o l l  Modulated Entry 

During Apollo r e e n t r i e s ,  downrange d i s t a n c e  i s  con- 
t r o l l e d  by t h e  amount of l i f t  i n  t h e  v e r t i c a l  d i r e c t i o n ,  and 
t h e  crossrange d i s t ance  i s  con t ro l l ed  by t h e  amount 'of l i f t  
i n  t h e  h o r i z o n t a l  d i r e c t i o n .  A t  a given f l a p  s e t t i n g  and a 
given speed, t h e  t r i m  l i f t  and drag  cannot be  a l t e r e d .  A 
d e s i r e d  l i f t  i n  t h e  v e r t i c a l  d i r e c t i o n  (LD) i s  obtained by 
r o l l i n g  the  e n t i r e  veh ic l e  about t he  v e l o c i t y  vector t o  a r o l l  
angle  (8 given by 

Lateral c o n t r o l  is achieved by c o n t r o l l i n g  t h e  s i g n  of (8. 

I n  G e m i n i  and Apollo, t h i s  r o l l  angle  i s  c o n t r o l l e d  
by t h e  a t t i t u d e  con t ro l  rockets.  These rocke ts  must f i r e  t o  
a c c e l e r a t e ,  maintain,  and dece le ra t e  t h e  angular  v e l o c i t y  about 
t h e  v e l o c i t y  vector .  

An important  advantage of t h i s  r o l l  s t e e r i n g  guidance 
scheme is  t h a t  it requ i r e s  only s m a l l  amounts of  c o n t r o l  pro- 
p e l l a n t  f o r  angular  rate damping about a l l  t h r e e  axes and 
angular  a c c e l e r a t i o n s  and displacements about t h e  r o l l  a x i s  
Propuls ion is  n o t  needed t o  o f f s e t  any s t eady- s t a t e  torques.  
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An a l t e r n a t i v e  f o r  r o l l  c o n t r o l  i s  t h e  p o s s i b i l i t y  
of employing s m a l l  f l a p s  or tabs  a s soc ia t ed  with t h e  main f l a p  
or  of being ab le  t o  t w i s t  t he  e n t i r e  main f l a p .  These poss i -  
b i l i t i e s  sugges t  t h e  need f o r  f u r t h e r  aerodynamic and s t r u c t u r a l  
i n v e s t i g a t i o n  of modified conf igura t ions .  

The use of one cont ro l  ( r o l l  angle)  t o  c o n t r o l  t w o  
t e rmina l  v a r i a b l e s  (downrange m i s s  and crossrange m i s s )  makes 
it d i f f i c u l t  t o  n u l l  both of t h e  v a r i a b l e s  a t  t h e  s a m e  t i m e .  
The roll rate available and the  number of roll angle r e v e r s a l s  
are l i m i t e d  t o  hold down con t ro l  p r o p e l l a n t  consumption and 
maintain reasonable l e v e l s  o f  c r e w  comfort. Control of t h e  
downrange m i s s  impl ies  t h a t  some error must be allowed t o  
b u i l d  up i n  the crossrange m i s s .  I n  f a c t ,  even a t  t h e  end o f  
an Apollo r e e n t r y ,  a l a t e r a l  m i s s  of less than about 2 km i s  
n o t  attempted (Ref. 8 ) .  

I n  add i t ion ,  t h e  guidance system s t o p s  t r y i n g  t o  
reduce t h e  m i s s  by t h e  t i m e  t he  veh ic l e  speed drops t o  t h e  
s o n i c  l e v e l .  The parachutes  a re  opened soon af terwards.  
The CM can d r i f t  a few km between opening of t h e  parachutes  
and splashdown. 

The maximum dece le ra t ion  f e l t  by t h e  veh ic l e  and 
i t s  occupants during a r e e n t r y  is  a func t ion  of t h e  range 
between t h e  r een t ry  p o i n t  and t h e  t a r g e t .  Figure 2 (from 
R e f .  8) gives  t h i s  maximum as a func t ion  of t h e  range between 
t h e  t a r g e t  and t h e  e n t r y  poin t :  each po in t  on t h e  curve re- 
p r e s e n t s  a s e p a r a t e  r een t ry  t r a j e c t o r y .  For t h i s  curve,  t h e  
guidance used w a s  tha t  f o r  the  AS-204 m i s s i o n ,  and L/D = 0.28. 
Note t h a t  a t  t w o  ranges the  maximum dece le ra t ion  i s  c l o s e  t o  
3g and t h a t  f o r  in te rmedia te  ranges t h e  maximum d e c e l e r a t i o n  
s t a y s  below about 4.5g. Keeping t h e  maximum d e c e l e r a t i o n  down 
t o  the NASA gu ide l ine  of 3g over a continuum of ranges seems 
reasonable  with some modif icat ion of t h e  guidance, b u t  guidance 
d e t a i l s  and t h e  minimum L/D needed remain t o  be inves t iga t ed .  

With the  accuracy and maximum g- leve ls  achievable  
from roll s t e e r i n g  guidance, it seems reasonable t o  use some- 
t h i n g  s imilar  t o  i t  f o r  most of t he  b a l l i s t i c  boos t e r  r e e n t r y ,  
b u t  n o t  f o r  t h a t  p a r t  of t he  e n t r y  "c lose"  t o  t h e  t a r g e t  
because of t he  i n a b i l i t y  of the r o l l  s t e e r i n g  t o  c a r r y  on 
there with s u f f i c i e n t  comfort and accuracy. 

An a l t e r n a t i v e  t o  r o l l  c o n t r o l  of t h e  v e r t i c a l  com- 
ponent of l i f t  is  a c t i v e  con t ro l  of t he  t r i m  f l a p .  Active 
f l a p  c o n t r o l  changes t h e  t r i m  L/D b u t  because of t h e  forces 
on t h e  f l a p  r equ i r e s  s i z a b l e  amounts of power. Therefore ,  
t h i s  type of control  should be considered only i f  a c t i v e  f l a p  
c o n t r o l ,  as d iscussed  below, is used during t h e  in te rmedia te  
phase.  
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3.3 Propuls ive Landing 

U s e  of t he  main engines i s  necessary t o  arrest the 
t e rmina l  descent  speed of  t h e  veh ic l e  so t h a t  it w i l l  touch 
down s o f t l y .  Guidance t o  t h e  exac t  landing p o i n t  must also 
take p l a c e  during t h i s  phase. 

3.3.1 Propulsion Requirements 

I t  can be shown by optimal c o n t r o l  theory ( R e f .  1 6 )  
that the minimum f u e l  s t r a t e g y  f o r  a propuls ive  landing i s  t o  
apply an impulse of  maximum ava i l ab le  t h r u s t  d i r e c t l y  oppos i te  
t o  t h e  v e l o c i t y  vec to r  a t  t h e  lowest p o s s i b l e  a l t i t u d e .  This 
s t r a t e g y  w i l l  n o t  g e t  one to  the desired t a r g e t  p o i n t ,  b u t  
it sets a bound on how w e l l  one can do. 

The maximum t h r u s t  i s  set  by the  maximum s p e c i f i c  
force t o  which the veh ic l e  and i t s  cargo may be subjected. 
The maximum dece le ra t ion  f e l t  by passengers i s  s e t  a t  (c+g) and 
the engines  t h r o t t l e d  t o  m a k e  up t h e  d i f f e r e n c e  between t h e  aero- 
dynamic drag and t h i s  value.  With khe .vehicle . f a l l i n g  v e r t i c a l l y  
downward a t  terminal  v e l o c i t y  Vo through a cons t an t  dens i ty  
atmosphere, t h e  c h a r a c t e r i s t i c  AV requi red  t o  s t o p  t h e  veh ic l e  
i s  shown i n  Appendix B t o  be ,  

h g  
AV = V o ( l  + 3 5) = Vo ( 1 + 

T h e  a l t i t u d e  ho a t  i g n i t i o n  f o r  t h e  vehicle t o  j u s t  s t o p  a t  
the ground is  shown t o  be, 

1 ho = - 2 

and t h e  t i m e  requi red  f o r  t h e  

2 
vO - 

C 

maneuver i s  shown t o  be ,  

(3)  

With Vo = 1 0 0  m/sec and c = 2g (c+g = 3 g ) ,  one has AV = 133 
m / s e c ,  ho = 255 m, and T = 5.1 sec. 
become AV = 1 6 7  m/sec, ho = 510 m ,  and T = 1 0 . 2  sec. 

W i t h  c = g,  these numbers 
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Even i f  t h e  veh ic l e  i s  headed d i r e c t l y  f o r  t h e  . 
landing p o i n t  as this s impl i f i ed  a n a l y s i s  supposes,  there are 
s e v e r a l  disadvantages t o  t h i s  type of t h r u s t  p r o f i l e .  The 
t i m e  i s  shor t ,  the engine i g n i t i o n  a l t i t u d e  i s  l o w ,  and t h e  
AV p e n a l t i e s  can be severe  for s u b s t a n t i a l  i nc reases  i n  t i m e  
and i g n i t i o n  a l t i t u d e .  I n  add i t ion ,  t h e  engines  must come 
on very s t r o n g l y  a t  the beginning of t h e  maneuver and must 
c u t  o f f  suddenly a t  the end of the maneuver j u s t  as  t h e  v e h i c l e  
i s  touching down. One would p r e f e r  t h e  t h r u s t  t o  b u i l d  up 
slowly a t  the beginning of the maneuver and t a p e r  o f f  a t  the 
end o f  the maneuver. 

A t h r u s t  p r o f i l e  which s a t i s f i e s  t h e s e  d e s i r e s  is  
one i n  which t h e  dece le ra t ion  i s  made t o  follow the form 
a = a, + J t  + 2 S t  . This may be c a l l e d  a cons t an t  snap 
( cons t an t  S )  a c c e l e r a t i o n  p r o f i l e .  Again, t h e  veh ic l e  i s  
i n i t i a l l y  f a l l i n g  v e r t i c a l l y  over t h e  t a r g e t  a t  t e rmina l  
v e l o c i t y  Vo. 

and con ten t s  f e e l  g) a t  the  beginning and t h e  end of the 
maneuver. The maximum dece le ra t ion  during the maneuver occurs 
a t  t h e  middle of the maneuver and i s  set  equal  t o  c. Appendix 
C shows t h a t  t h e  c h a r a c t e r i s t i c  AV requi red  t o  perform t h e  
s p e c i f i e d  maneuver i s ,  

1 2  

The dece le ra t ion  i s  se t  t o  zero  ( t h e  veh ic l e  

AV = V o ( l  + - 35 c 
0 

The i n i t i a l  a l t i t u d e  ho and t h e  maximum dece le ra t ion  c are 
r e l a t e d  by I 

The t i m e  requi red  f o r  t h e  maneuver i s  given by 

T = - - =  2 -  2 c  

(5) 

(7) 

With Vo = 100 m / s e c  and c = 2g, AV = 1 4 7  m/sec, ho = 383 m, 
and T = 7.7 sec. With c = g,  AV = 1 9 4  m/sec, ho = 766 m, and 
T = 15.3 sec. The n e t  e f f e c t  of using t h i s  propuls ive p r o f i l e  
i s  t o  t a p e r  o f f  the ends of the propuls ive  phase,  t o  inc rease  
the i g n i t i o n  a l t i t u d e  and time, and t o  inc rease  the AV f o r  t h e  
maneuver . 
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3.3.2 Propuls ive Landing Guidance and Control  

The Apollo luna r  module (LM) during i t s  descent  
t r a j e c t o r y  uses an e x p l i c i t  guidance scheme (Ref. 1 7 )  which 
commands t h e  veh ic l e  t h r u s t  according t o  the formula 

-T a = - g + % ' - +  J t  go + S t 2 / 2  -T go 

where AT, zT, ET, and t 
t i o n  vec to r ,  t h e  te rmina l  j e r k ,  t h e  snap (nominally cons tan t )  , 
and t h e  t i m e  t o  go. 
t o  d r i v e  t h e  p o s i t i o n  and ve loc i ty  t o  t h e  desired values  a t  
the f i n a l  t i m e .  One should note t h a t  this guidance scheme i s  
compatible with the acce le ra t ion  p r o f i l e  suggested above. I n  
the p r e s e n t  problem, the terminal  acceleration and v e l o c i t y  
are set  equal  t o  zero f o r  a gen t l e  touchdown. 

are r e spec t ive ly  the te rmina l  accelera- 
go 

& and S, are continuously r e c a l c u l a t e d  

Performing this guidance i n  t h e  atmosphere r e q u i r e s  
t h a t  the atmosphere be taken i n t o  account. T h i s  is done by 
commanding t h e  n e t  s p e c i f i c  force on t h e  vehicle according 
t o  the e x p l i c i t  guidance. The commanded a t t i t u d e  and t h r u s t  
level must then be ca l cu la t ed  such t h a t  t h e  t h r u s t  fo rce  and 
the l i f t  and drag fo rces  add up t o  t h e  commanded s p e c i f i c  fo rce  
on t h e  vehic le .  A method f o r  doing this is  ind ica t ed  i n  
Appendix D. 

A t t i t u d e  c o n t r o l  about the  p i t c h  and yaw axes during 
t h e  propuls ive  landing could be obta ined  by d i f f e r e n t i a l  
t h r o t t l i n g  of the  main engines.  With a l a r g e  diameter aero- 
s p i k e  engine,  s e p a r a t e  segments of t h e  aerospike would be 
d i f f e r e n t i a l l y  t h r o t t l e d .  With the g r e a t l y  reduced weight 
of t h e  landing  veh ic l e  (because of t h e  l a r g e  amount of boos t  
f u e l  consumed), the lower landing t h r u s t  level  could be 
achieved by s h u t t i n g  down main engines  or segments of an 
aerospike engine as w e l l  as by t h r o t t l i n g  engines o r  segments 
i n  use. The f l a p  would most probably be closed during this 
phase of the landing. 

The l imited r o l l  cont ro l  needed is  achieved by the 
a t t i t u d e  c o n t r o l  rockets. 

Problem areas assoc ia ted  w i t h  this type of a o n t r o l  
i nc lude  t h r o t t l i n g  rate requirements for  t h e  engines o r  seg- 
ments. Subsonic aerodynamic c h a r a c t e r i s t i c s  a t  low and high 
angles  of  attack with flow i n j e c t i o n  from the  e n g i n e ( s )  are 
also important.  
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3.3.3 Propulsion Requirements w i t h  Lateral M i s s  

With t h e  guidance scheme i n d i c a t e d ,  the e f f e c t  on 
t h e  t r a j e c t o r y  p r o f i l e  and the c h a r a c t e r i s t i c  AV requi re -  
ments were inves t iga t ed .  

Figure 3 shows t h e  AV requirements f o r  landing w i t h  
l a te ra l  miss. The te rmina l  ve loc i ty  o f  the veh ic l e  i s  about 
88 m/sec a t  sea l e v e l .  
w e r e  always started a t  an a l t i t u d e  of  600 m with an i n i t i a l  
speed of 90 m/sec. This a l t i t u d e  and speed combination g ives  
about  a m a x i m u m  of 2g f e l t  by t h e  v e h i c l e  and contents .  T h e  
i n i t i a l  time-to-go w a s  se t  a t  t w i c e  a modified range divided 
by the i n i t i a l  speed. This  f i gu re  shows t h a t  AV p e n a l t i e s  
due t o  m i s s  can be  kep t  w i t h i n  about 30% of the  minimum i f  
the m i s s  i s  less than s e v e r a l  hundred meters (about h a l f  of 
the i g n i t i o n  a l t i t u d e ) .  W i t h  t he  va lues  chosen here, t h e  
propuls ive  AV requirement can then be  kep t  t o  about 2.5 
t i m e s  t h e  t e r m i n a l  v e l o c i t y  . 

The engines (and the  e x p l i c i t  guidance) 

What Figure 3 does n o t  show i s  t h a t  t h e  trajectories 
corresponding t o  l a r g e  AV's tend t o  be undes i rab le  a l s o  due t o  
l a r g e  t h r u s t  l e v e l s  (approaching 3g) being requi red  a t  t h e  
beginning and very close to  the end of  t h e  trajectories and 
due t o  high angular  r o t a t i o n  rates be ing  requi red  j u s t  as t h e  
v e h i c l e  touches down. These characteristics a l s o  i n d i c a t e  
tha t  t h e  l a te ra l  m i s s  a t  engine i g n i t i o n  should be kept  t o  
the order of h a l f  the i g n i t i o n  a l t i t u d e .  

3.4 Intermediate  Phase 

3.4.1 In te rmedia te  Phase Guidance 

Because t h e  terminal  phase guidance r e q u i r e s  a m i s s  
of a f e w  hundred meters or l e s s  and because t h e  r o l l  s t e e r i n g  
r e e n t r y  guidance can only be  depended upon t o  supply a m i s s  
of a few k i l o m e t e r s ,  an intermediate  phase i s  needed t o  re- 
duce t h e  r o l l  s t e e r i n g  miss t o  an amount acceptab le  f o r  t h e  
t e rmina l  phase guidance. I t  would be expected t o  opera te  i n  
the range between s o n i c  speed and about 600 meters a l t i t u d e .  

The philosophy of t h i s  phase of guidance should b e .  
t o  c o n t r o l  the downrange and crossrange m i s s  wi th  a m i n i m u m  
of e f f o r t .  This  c o n t r o l  could be achieved by c o n t r o l l i n g  t h e  
a t t i t u d e  so that  aerodynamic lift (up t o  t he  maximum subsonic 

, l i f t - t o - d r a g  ra t io)  would guide the  vehicle toward the  t a r g e t .  



I 

400 

300 

0 
W 
2 
E 
3 

0 
E? 

a> 200 

I- 

K 
W 
F 
0 a 
CT 

I 
0 
a 

100 

Q =  0 

-500 

/ 

INITIAL QUANTITY VALUE OR SYMBOL 

ALTITUDE 600 m 
SPEED 90 m/SEC 
FLIGHT PATH ANGLE y 
LATERAL MISS Q 

0 500 

INITIAL UPRANGE DISTANCE 2 FROM TARGET IN m 

1000 

FIGURE 3 - MISS EFFECTS ON AV REQUIREMENTS 



- 13 - 

During the intermediate phase , i f  t h e  guidance system 
p r e d i c t s  t h a t  t h e  veh ic l e  cannot reach the t a r g e t  even a t  t h e  
maximum a v a i l a b l e  l i f t - t o - d r a g  r a t io ,  then something more than  
this minimum c o n t r o l  m u s t  be c a r r i e d  out .  I n  this i n s t a n c e ,  
the main engines should be employed a t  a t h r u s t  l e v e l  of one 
g o r  so u n t i l  t h e  p red ic t ed  m i s s  a t  some e a s i l y  achievable  L/D 
i s  reduced t o  zero. 

The c a p a b i l i t y  a t  moderate L/D, however, is l a r g e  
enough so t h a t  t he  main  engines  should be seldom needed dur ing  
the  in te rmedia te  phase. If the  nominal in te rmedia te  phase 
path i s  s t r a i g h t  down from 1 6  km a l t i t u d e  and t h e  maximum L/D 
achievable  i s  0 .25 ,  then as  is shown i n  Appendix E an equi l ibr ium 
g l i d e  w i l l  allow the veh ic l e  t o  reach anywhere wi th in  a circle 
4 k m  i n  r ad ius  and centered a t  t h e  base of t h e  nominal path.  

A s  i s  discussed below there appear t o  be t w o  poss ib l e  
ways t o  supply the necessary l i f t  con t ro l :  t h e  angle-of-attack 
could be modulated e i ther  by ope ra t ing  t h e  main engines  a t  mini- 
mum l e v e l s  or  by a c t i v e l y  changing t h e  angle of the f l a p .  

3 .4 .2  Intermediate  Phase Using Main Engines 

Main engines  could be used during the in te rmedia te  
phase a t  minimum t h r u s t  l e v e l s  t o  c o n t r o l  the a t t i t u d e  about 
t he  p i t c h  and yaw axes t o  give an angle-of-attack and l i f t .  
A t t i t u d e  c o n t r o l  rocke ts  could supplement t h e  main engines 
and would be needed f o r  r o l l  con t ro l .  I t  i s  expected t h a t  
t h e  f l a p  would be closed a t  t he  beginning of this phase. 

The primary quest ion t o  be answered concerning this 
scheme i s ,  what "minimum" t h r u s t  levels are necessary and what 
AV do they imply? The b a s i c  requirement on t h e  t h r u s t  l e v e l s  
i s  the  c o n t r o l  moment required t o  oppose aerodynamic and 
i n e r t i a l  torques.  Appendix F estimates t h e  minimum t h r u s t  
r equ i r ed  t o  oppose the aerodynamic torques  during t h e  equi l ibr ium 
g l i d e  a t  L/D = 0.25 f r o m  an a l t i t u d e  of 1 6  km. The estimate 
i s  based on the Apollo aerodynamic d a t a  of Ref. 18 and i n d i c a t e s  
a minimum AV on the  o rde r  of 100 m/sec. This  amount i s  con- 
s i d e r a b l y  g r e a t e r  than w h a t  one would l i k e  t o  expend i n  this 
phase. 

"Minimum" t h r u s t  l e v e l  may be l i m i t e d  f u r t h e r  by 
engine design. A cer ta in  m i n i m u m  t h r u s t  l e v e l  may be requi red  
t o  keep t h e  engine running properly.  Low l e v e l s  of t h r o t t l i n g  
may also have a reduct ion i n  I a s s o c i a t e d  w i t h  them. Some- SP 
t h i n g  g r e a t e r  than  the minimum t h r u s t  poss ib l e  may be desir- 
able t o  allow f o r  more r ap id  c o n t r o l  response.  
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3.4.3 Intermediate  Phase Using Flap Var ia t ion  

A second p o s s i b l e  method f o r  t h e  in te rmedia te  phase 
i s  t o  vary t h e  f l a p  angle t o  supply l i f t  v a r i a t i o n .  Roll  
motions t o  d i r e c t  t h e  lift vector  would be accomplished 
e i t h e r  by a t t i t u d e  control rockets  o r  by small f l a p s  asso- 
c i a t e d  with the  main f l a p .  The a t t i t u d e  con t ro l  rocke ts  
might a l s o  be needed for  damping a t t i t u d e  o s c i l l a t i o n s .  

With t h i s  intermediate  phase scheme, t h e  nominal  
t r a j e c t o r y  would be designed t o  use about h a l f  of t h e  m a x i m u m  
l i f t  ava i l ab le .  Then t h e  range could be extended or  shortened 
by moving t h e  f l a p  o u t  o r  i n  without r equ i r ing  l a r g e  r o l l  
displacements.  I f  on t h e  o t h e r  hand, t h e  nominal t r a j e c t o r y  
w e r e  based on zero lift, then small r e t a r g e t i n g  changes could 
r e q u i r e  very large r o l l  angle  changes. 

This scheme would avoid t h e  use of any l a r g e  amour.ts 
of propuls ion during t h e  in te rmedia te  phase b u t  would r e q u i r e  
t h e  a d d i t i o n  of  an a u x i l i a r y  power u n i t  (APU)  system t o  supply 
power t o  move t h e  f l a p  outward i n  t h e  presence of aerodynamic 
loads.  Appendix G estimates the maximum f l a p  power requi re -  
ments t o  be on t h e  o r d e r  of ten horsepower for a veh ic l e  
weighing 100 tons  a t  landing. 

Even i f  t h e  power requirements were known very w e l l ,  
the APU s y s t e m  weight would s t i l l  be uncertain.  Both Ref. 1 9  
and Ref. 20 e s t ima te  t h e  weight of  a redundant APU system 
with a maximum output  of 225 horsepower, and t h e i r  estimates 
d i f f e r  by a f a c t o r  of almost t h ree  pr imar i ly  due t o  d i f f e r e n t  
system i n t e g r a t i o n  concepts.  The heav ie r  e s t ima te  of Ref. 2 0 ,  
i n  a d d i t i o n ,  g ives  t h e  weight of e x t e r n a l  hydrau l i c  l i n e s  and 
a c t u a t o r s  as m o r e  than t w i c e  t he  APU system weight f o r  t h e  
NASA s h u t t l e  o r b i t e r .  I n  any case, t h e  b a l l i s t i c  veh ic l e  
would have a lower weight requirement due t o  lower power re- 
quirements and s h o r t e r ,  l i g h t e r  hydrau l i c  l i n e s  i n  t h e  compact 
b a l l i s t i c  veh ic l e  shape. A weight penal ty  of 500 kg f o r  t h e  
100  ton  v e h i c l e ,  which appears t o  be conserva t ive ,  i s  equiv- 
a l e n t  t o  a AV pena l ty  of 20 m/sec a t  an I of 400 sec. SP 

I n  any case, a c t i v e  f l a p  modulation appears t o  have 
a weight advantage over  main engine c o n t r o l  during t h e  i n t e r -  
mediate phase. 

Fur ther  i n v e s t i g a t i o n  of a few p o i n t s  i s  ind ica t ed .  
Subsonic aerodynamic fo rce  and moment data are needed f o r  a 

' l a r g e  range of f l a p  angles  so t h a t  t h e  veh ic l e  response and 
f l a p  power requirements can be predic ted .  Flap response t i m e  
(and hence power) requirements should be b e t t e r  determined by 
a d e t a i l e d  guidance simulation. 
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3.5 Wind E f f e c t s  

During the reen t ry  descent ,  wind g u s t s  and shears 
w i l l  d i s t u r b  t h e  a b i l i t y  of the  vehicle t o  reach t h e  t a r g e t .  
From Apollo s t u d i e s  (Ref. 8)  , l i t t l e  d is turbance  may be 
expected during the i n i t i a l  ( r o l l  s t e e r i n g )  phase of t h e  
r een t ry .  However, dur ing  t h e  intermediate and f i n a l  phases 
of the landing,  when the  t a r g e t  must be approached with con- 
s i d e r a b l e  p r e c i s i o n ,  wind e f f e c t s  can be much more s e r i o u s .  

During t h e  in te rmedia te  phase,  winds could con- 
ce ivably  fo rce  the veh ic l e  t o  use most or  a l l  of i t s  capa- 
b i l i t y  t o  reach the  t a r g e t .  As i s  ind ica t ed  i n  Appendix E ,  
i f  the veh ic l e  nominally f a l l s  v e r t i c a l l y  from an a l t i t u d e  
of 1 6  km a t  a s teady  speed of 100 m/sec and has a v a i l a b l e  
L/D = 0.25, then a s teady  wind o f  25 m/sec ( 9 0  km/hr = 49 knots )  
w i t h  a completely unce r t a in  d i r e c t i o n  reduces t h e  r ad ius  of 
t h e  available ( w i t h  c e r t a i n t y )  t a r g e t  circle from 4 k m  t o  zero. 
A g u s t  could a l s o  cause a t t i t u d e  o s c i l l a t i o n s  u n t i l  a new 
equ i l ib r ium is  reached. 

During the f i n a l  phase,  winds can cause both d is -  
t u r b i n g  moments and d i s t u r b i n g  fo rces  on t h e  vehic le .  D i s -  
t u r b i n g  moments should be overcome e a s i l y  because of t h e  l a r g e  
moment c a p a b i l i t y  of d i f f e r e n t i a l  main engine con t ro l .  How- 
eve r ,  d i f f e r e n c e s  between ac tua l  aerodynamic loads and ca l -  
c u l a t e d  aerodynamic loads could conceivably cause s t a b i l i t y  
problems w i t h  the guidance equat ions.  Also, s t r o n g  winds 
could a f f e c t  t h e  accuracy of t h e  touchdown. With feed-back 
of the measured a c c e l e r a t i o n  and t h e  engine response t i m e  
i n d i c a t e d  by R e f .  2 1  and 2 2 ,  Appendix H estimates t h e  maximum 
touchdown error due t o  winds t o  be on t h e  o rde r  of 5 s e d  a ’  g 
where a is the a c c e l e r a t i o n  due t o  the unknown component of 
the wind. 

g 
(a  a 1 m/sec* f o r  a wind of 30 m/sec = 60 knots .  ) 

4 
For both the  intermediate  and f i n a l  phases ,  knowl- 

edge o f  t h e  wind over  the landing s i t e  is  u s e f u l  and perhaps 
even necessary.  The e f f e c t  of known winds can be taken i n t o  
account so tha t  they w i l l  n o t  d i s t u r b  t h e  landing accuracy. 
Therefore, a wind p r o f i l e  measurement should be made s h o r t l y  
be fo re  the  landing so that t h e  r e e n t r y  can be r e t a r g e t e d  
s l i g h t l y  t o  o f f s e t  t h e  wind dis turbance.  Then, one w i l l  be 
l e f t  w i t h  wind d i spe r s ion  e f f e c t s  due only t o  g u s t s  and o t h e r  
changes i n  the wind p r o f i l e  between t h e  t i m e  of t h e  measure- 
ment and t h e  t i m e  of the ac tua l  landing. The expected s ta t is t ics  
of t h e  r e s i d u a l  unce r t a in ty  i n  t he  wind w i l l  even tua l ly  de t e r -  
mine t h e  e x a c t  AV t h a t  must be set  aside f o r  the landing  
maneuver. 
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More e x a c t  understanding of t h e  wind e f f e c t s  awaits 
t h e  r e s u l t s  of  accu ra t e  (probably six degree-of-freedom) 
s imula t ions  of  r e e n t r i e s  and landings  i n  the presence of winds. 

4.0 CONCLUSIONS AND RECOMMENDATIONS 

4 . 1  Conclusions 

The need f o r  t h r e e  phases o f  guidance f o r  r e e n t r y  
and landing  has  been ind ica ted :  (1) an i n i t i a l  r e e n t r y  phase 
s i m i l a r  i n  philosophy t o  t h e  r o l l  s t e e r i n g  guidance of Apollo; 
( 2 )  an in t e rmed ia t e  phase between t h e  a l t i t u d e  a t  which s o n i c  
speed i s  reached and about 600 meters a l t i t u d e  us ing  active 
f l a p  c o n t r o l  t o  reduce t h e  d i s p e r s i o n s ;  and ( 3 )  a f i n a l  phase 
of  p ropu l s ive  landing  us ing  main engines  for  a s o f t  and accu ra t e  
landing.  

The r e e n t r y  and landing w i l l  r e q u i r e  radio l i n k s  
f o r  updat ing t h e  i n e r t i a l  naviga t ion  system. Improvements 
i n  t h e  c a p a b i l i t i e s  of p r e s e n t  systems would be r equ i r ed  t o  
do t h e  e n t i r e  nav iga t iona l  updating job. However, some 
e x i s t i n g  systems could be used i n  a supplementary manner. 

v e h i c l e  w i th  an e q u i v a l e n t  c h a r a c t e r i s t i c .  AV pena l ty  of less 
t h a n  about 300 m/sec, although in t e rmed ia t e  phase f l a p  power 
requirements and wind effects must be  bet ter  understood be fo re  
t h i s  s t a t emen t  can be  made with c e r t a i n t y .  

I t  appears f e a s i b l e  t o  l and  a r eusab le  b a l l i s t i c  

4 .2  - Recommendations f o r  Fur the r  Study 

T h e  fol lowing po in t s  need t o  be  i n v e s t i g a t e d  t o  
complete a pre l iminary  d e f i n i t i o n  of t h e  v e h i c l e  and t o  ob- 
t a i n  a more complete in te rmedia te  phase d e f i n i t i o n  and an 
a c c u r a t e  

1. 

2. 

3 .  

AV penal ty :  

I n i t i a l  phase t r a j e c t o r y  and guidance 
des ign  so t h a t  the minimum L/D r equ i r ed  
f o r  a 3g l i m i t  over a f o o t p r i n t  is  known. 

A reasonable  (perhaps s i x  degree-of- 
freedom) s imula t ion  (with winds) of t h e  
in t e rmed ia t e  and f i n a l  phases SO t h a t  
f l a p  power, naviga t ion  accuracy,  and 
a t t i t u d e  c o n t r o l  requirements can be 
accu ra t e ly  determined. 

Low speed aerodynamics a t  l o w  and high 
angles  of a t t a c k  with t h e  f l a p  so t h a t  
t h e  f l a p  s i z e  and f l a p  power xequire- 
ments can be b e t t e r  determined. 
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Addit ional  s t u d i e s  might include : 

1. 

2. 

3.  

4. 

5 .  

6. 

7. 

8. 

APU and a c t u a t i o n  sys t em design t o  bet ter  
determine the  weight pena l ty  f o r  an a c t i v e l y  
modulated f l a p .  

Local hea t ing  e f f e c t s  due t o  f l a p  deploy- 
ment a t  hypersonic speeds. 

Low speed'aerodynamics w i t h  f l u i d  i n j e c t i o n  
from the main engines ( f i n a l  phase aerodynamics).  

A t t i t ude  con t ro l  j e t  s i z i n g  and p r o p e l l a n t  
requirements f o r  reent ry  and landing.  

Aerodynamics of  f l a p s  f o r  r o l l  con t ro l .  

More accura te  supersonic  and t r a n s o n i c  
aerodynamics wi th  the f lap .  

Consequences of landing a t  an unprepared 
s i t e  (such as would happen i f  the prepared 
s i t e  w e r e  missed) . 
R e l i a b i l i t y  and f a u l t  d e t e c t i o n  requirements 
( s i n c e  high r e l i a b i l i t y  i s  needed and s h o r t  
t i m e s  are a v a i l a b l e  for  f a u l t  d e t e c t i o n ) .  

c. s-. F a l l  

A t  tachmen ts 
Appendices A t o  H 
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APPENDIX A 

Apollo Guidance Capab i l i t y  

This appendix i s  concerned with t h e  a b i l i t y  of 
Apollo command module r een t ry  guidance and aerodynamic lift 
c a p a b i l i t y  t o  change t h e  t a r g e t  p o i n t  a t  d i f f e r e n t  t i m e s  
du r ing  a r e e n t r y  t r a j e c t o r y .  I n  p a r t i c u l a r ,  t h e  r e t a r g e t i n g  
would come from navigat ion updates;  and sk ipout  c o n t r o l  from 
s u p e r c i r c u l a r  e n t r y  i s  no t  of i n t e r e s t  f o r  t h e  o r b i t a l  missions 
of concern. Therefore,  Apollo f i n a l  phase re ference  param- 
eters a r e  presented i n  Table A 1  and d iscussed  below. 

The d a t a  of T a b l e  A1 (Ref. 1 0  o r  11) i s  based on a 
r e fe rence  t r a j e c t o r y  with a cons tan t  v e r t i c a l  component of 
lift over  drag  (LD/D) equal  t o  0.18. The t a b l e  i s  used t o  
p r e d i c t  the  range expected and t o  c a l c u l a t e  t h e  LD/D needed 
t o  reach t h e  t a r g e t .  Reference parameters ( f i r s t  four  columns) 
are compared with measured parameters and a range p r e d i c t i o n  
(us ing  columns f i v e  and s i x )  i s  obta ined  f o r  t h e  r e fe rence  

LD/D ( 0 . 1 8 ) .  

t h a t  should be used t o  reach t h e  t a r g e t .  Speed i s  used as 
the independent v a r i a b l e  f o r  t h e s e  comparisons and c a l c u l a t i o n s .  
Column e i g h t  (Y) is  t h e  la teral  switching c r i t e r i o n  less a 
s m a l l  cons t an t  b i a s  t e r m .  It  i s  generated by t h e  simple form 
of a cons t an t  t i m e s  t h e  square of t h e  speed. When t h e  pre- 
d i c t e d  la te ra l  m i s s  becomes greater than t h i s  c r i t e r i o n ,  t h e  
s i g n  of t h e  r o l l  angle i s  reversed so  as t o  reduce t h e  la teral  
m i s s .  
t h e  la teral  range c a p a b i l i t y  along the reference  trajectory , 
implying a r o l l  angle  of  about 30'. 
trajectories i n  Ref. 1 0  i n d i c a t e  t h a t  Y i s  probably somewhat 
less than h a l f  t h e  l a t e r a l  c a p a b i l i t y ,  p a r t i c u l a r l y  near  t h e  
end of  t h e  t r a j e c t o r y .  

Co lumn seven i s  then used t o  c a l c u l a t e  t h e  LD/D 

According t o  Ref. 1 0 ,  Y should r ep resen t  about h a l f  of 

However, p l o t s  of sample 

For a given r e t a r g e t i n g  d i s t a n c e ,  t h e  l a te ra l  capa- 
b i l i t y  appears t o  be t h e  l i m i t i n g  one. One-tenth of column 
seven (about  1/3 of t he  range r e t a r g e t i n g  c a p a b i l i t y )  i s  more 
than  Y.  From t h e  columns of range-to-go and Y ,  one f i n d s  t h a t  
r e t a r g e t i n g  of 10  nmi (18  km) i s  e a s i l y  p o s s i b l e  from a range 
of 250 km ( 1 4 0  nmi). The 5.6 km 3a crossrange d i spe r s ion  of  
Sec t ion  2 . 1  can be  co r rec t ed  e a s i l y  from a range of 1 0 0  km 

' (52 nmi).  These ranges r ep resen t  a measure of t h e  m i n i m u m  
range a t  which naviga t ion  updates must begin i n  o rde r  t o  
correct 30 nav iga t iona l  d i spers ions .  
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APPENDIX B 

Constant Decelerat ion Terminal Propulsion Maneuver 

The a l t i t u d e ,  t i m e ,  and c h a r a c t e r i s t i c  AV for a 
cons t an t  dece le ra t ion  terminal  propuls ion maneuver a r e  cal- 
c u l a t e d  i n  t h i s  appendix. The t h r u s t  i s  v a r i e d  t o  make up 
the d i f f e r e n c e  between the constant  dece le ra t ion  and the drag. 

The  important q u a n t i t i e s  used here are as fol lows:  

h = a l t i t u d e  (ho = i n i t i a l  a l t i t u d e )  

V = i n i t i a l  downward ve loc i ty  

c = the  cons tan t  dece le ra t ion  (c+g i s  
0 

f e l t  by vehic le  and c o n t e n t s ) .  

The equat ions of motion are, 
.. 
h =  C 

li = -v + c t  
0 

1 2  h = ho - V o t  + C t  

A t  t h e  f i n a l  t i m e  T ,  li and h a r e  zero.  Hence one 
has , 

T = -  vO 
C 

The characterist ic AV f o r  the maneuver i s  now de- 
sired. The dece le ra t ion  suppl ied by the  engine i s  given by , ,  

D a E = c + g - ; i i  

where  , 
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i n  a.constant  density atmosphere. 
for h and integrating g i v e s ,  

Using the above expression 

If the i n i t i a l  speed Vo corresponds to terminal v e l o c i t y ,  
then 8 

and 



APPENDIX C 

Constant Snap Terminal Propulsion Maneuver 

T h i s  appendix c a l c u l a t e s  the c h a r a c t e r i s t i c s  of a 
te rmina l  propuls ion maneuver, i n  which t h e  snap i s  cons tan t  
and the i n i t i a l  and f e r m i n a l  acce le ra t ions  a r e  zero ( t h e  
v e h i c l e  feels 9) .  Again t h e  t h r u s t  is va r i ed  t o  make up 
the d i f f e rence  between the  dece lera t ion  and the  drag. 

The important q u a n t i t i e s  used here a r e  l is ted as 
follows: 

h = a l t i t u d e  (ho = i n i t i a l  a l t i t u d e )  

= i n i t i a l  downward ve loc i ty  
vO 

c = the maximum dece le ra t ion  (the veh ic l e  
and contents  f e e l  a maximum of c+g) 

S = the cons tan t  snap during the maneuver 

J = the i n i t i a l  j e r k  i n  the maneuver 

The equat ions of motion are, 

1 2  h =  a + J t + z S t  
0 

6 = - V o + a t + ’ J t  2 1 3  + g S t  
0 z 

1 3  1 4 - V o t  + 1 a t2 + g S t  + 24 S t  
hO 2 0  h =  

The c h a r a c t e r i s t i c s  of the  t r a j e c t o r y  are then deter- 
mined as follows: A t  the i n i t i a l  t i m e  and a t  the f i n a l  t i m e  
T ,  fi = 0.  Hence, 

= o  

J = -- ST 
aO 

1 
2 
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The maximum i n  h (found when = 0 )  i s  c ,  and 

s = - -  8 c  
2 T 

A t  t h e  f i n a l  t i m e  T ,  6 = 0 g i v e s ,  

V 3 0  
2 c  

T = - -  

and t h e  r e l a t i o n  h = 0 a t  t h e  f i n a l  t i m e  g ives  t he  r e s u l t ,  
2 

V - 3 0  
h O - T T -  

Character is t ic  AV i s  c a l c u l a t e d  next .  With a 
c o n s t a n t  d e n s i t y  atmosphere t h e  engine a c c l e r a t i o n  i s  given 
by I 

2 1 2 1 3  
2 6 

1 2  P 'DA 
= (J t  + z St ) + g - (x) (-Vo + - J t  + - S t  ) 

I n t e g r a t i o n  g ives  I 
T 7  

I f  t h e  i n i t i a l  speed Vo corresponds t o  te rmina l  v e l o c i t y ,  then  
Rquation (ea) ' lolds and, 

( C 1 1 )  AV = Vo [l + 35 33' 9 = Vo [I + 44 ""7 
35 2 

vO 



APPENDIX D 

Calcula t ion  of Commanded Thrust  Vector 

During t h e  f i n a l  propulsion phase of a propuls ive  
landing , t h e  t h r u s t  acce le ra t ion  vec to r  must be  c a l c u l a t e d  
so  t h a t  t h e  r e s u l t i n g  t h r u s t  a c c e l e r a t i o n ,  l i f t ,  and drag 
add up t o  the  commanded vehic le  acce le ra t ion  minus t h e  g r a v i t y  
vec tor .  With t h e  t h r u s t  acce le ra t ion ,  l i f t  a c c e l e r a t i o n ,  drag 
a c c e l e r a t i o n ,  and commanded a c c e l e r a t i o n  being r e spec t ive ly  
represented  by t h e  vec to r s  g E t  gL, gD, and %t t h e  d e s i r e d  
r e l a t i o n s h i p  i s ,  

Remember t h a t  
is  d i r e c t e d  along t h e  vehic le  c e n t e r l i n e  and t h e  veh ic l e  must 
be r eo r i en ted  t o  change t h e  t h r u s t  d i r e c t i o n  ( t h i s  a l s o  changes 
t h e  lift). 

is a funct ion of cE, because engine t h r u s t  

gE i s  t o  be ca l cu la t ed  t o  s a t i s f y  this r e l a t i o n s h i p .  

however, t he  forces  of i n t e re s t  l i e  i n  the  plane of t h e  v e l o c i t y  
v e c t o r  V and the  commanded s p e c i f i c  fo rce  vec to r  ( a  - 9). 
Orthogonal u n i t  vec to r s  t o  descr ibe  t h i s  plane may%e ind ica t ed  
by I 

The problem i s ,  i n  gene ra l ,  one i n  three dimensions; 

i = u n i t  -V 

Thrust  acce le ra t ion ,  drag a c c l e r a t i o n ,  and l i f t  
a c c e l e r a t i o n  may then be ind ica t ed  by t h e  following expressions:  

a = aE (-& cos a + i s i n  a) -E -L 
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The l i f t  i s  modeled with s i n  (na)  i n  i t s  express ion  t o  reflect  
the f a c t  t h a t  l i f t  reaches a maximum a t  an angle-of-attack a 
considerably less than 90'. CLa convent ional ly  i s  t h e  s lope  
of the l i f t  curve a t  zero  angle-of-attack. Note a l s o  t h a t  t h e  
angle-of-attack i s  zero f o r  zero l i f t .  T h e  d rag  i s  modeled as  
a constant .  

Solu t ion  of Equation ( D l )  f o r  gE now becomes t h e  
problem of choosing t h e  two scalars aE and a .  
can be r ewr i t t en  i n  the form, 

Equation ( D l )  

Taking t h e  i n n e r  product  of Equation ( D 7 )  f i r s t  w i t h  -Lv and 
then with LL gives  the following t w o  scalar equat ions:  

( D 9  1 PCLaA V 2 s i n  (na)  = L~ . T  x_ = xL 
2m n aE s i n  a + 

Mult iplying Equation ( D 8 )  by s i n  a and Equation ( D 9 )  by COS a ,  
s u b s t i t u t i n g  the r e s u l t  from ( D 8 )  i n t o  ( D 9 )  I and rear ranging  
g ives  t h e  r e s u l t ,  

cos a s i n  na - x cos a = 0 (D10) p 'L aA 
2m n L % s i n  a + 

This equat ion must be  i t e r a t i v e l y  solved f o r  a and the r e s u l t  
s u b s t i t u t e d  i n t o  Equation ( D 8 )  t o  so lve  f o r  aE. 



APPENDIX E 

Eauilibrium Gl ide  

Consider a vehic le  g l i d i n g  a t  cons tan t  speed and 
cons t an t  l i f t - t o - d r a g  r a t i o  (L /D) .  L e t  B be t h e  f l i gh t -pa th  
angle (measured from t h e  v e r t i c a l ) .  The equi l ibr ium of fo rces  
i n  the h o r i z o n t a l  d i r e c t i o n  g i v e s ,  

L cos 6 = D s i n  B ( E l )  

( L / D )  = 0.25 gives  B = 14'. 

I f  the vehicle  g l ides  from an a l t i t u d e  ho t o  zero 
a l t i t u d e ,  t h e  l a t e r a l  range covered i s  , 

r = hotan B = ho(L/D) ( E 3 )  

ho = 1 6  k m  ( 5 3  K f t )  and (L/D) = 0.25 gives a la te ra l  range of 
4 k m  ( 2 . 2  nmi).  ~ 

I f  the  veh ic l e  is f a l l i n g  v e r t i c a l l y  a t  1 0 0  m/sec, 
an unknown wind of 25 m/sec can reduce the  l a t e r a l  range 
c a p a b i l i t y  t o  zero. A vert ical  v e l o c i t y  of 1 0 0  m/sec g ives  
a la te ra l  v e l o c i t y  of (L/D) (100 .m/sec) r e l a t i v e  t o  the a i r  
mass. (L/D) = 0.25 r e s u l t s  i n  a la te ra l  v e l o c i t y  of 25 m/sec. 
I f  there is  a wind and i t s  d i r e c t i o n  is completely unknown, 
t h e  wors t  it could do i s  blow from the d i r e c t i o n  i n  which 
one is  t r y i n g  t o  guide the  vehic le .  
then  reduce t h e  l a t e r a l  ve loc i ty  t o  zero and the  la teral  
range covered t o  zero. A wind of  h a l f  this v e l o c i t y  would 
have h a l f  t h i s  e f f e c t .  

A wind of 25 m/sec could 



APPENDIX F 

M i n i m u m  AV Required 

This appendix estimates t h e  minimum AV needed t o  
perform t h e  equi l ibr ium g l i d e  maneuver from an a l t i t u d e  ho 
of 1 6  k m  t h a t  w a s  discussed i n  Appendix E. R e m e m b e r  t h a t  this 
maneuver g ives  a landing po in t  displacement of 4 km. Figure F1  
p r e s e n t s  Apollo command module aerodynamic d a t a  ( R e f .  18)  for  
two subsonic  mach numbers. The s t a b i l i z i n g  moments are presented 
f o r  t w o  d i f f e r e n t  center-of-mass loca t ions .  With t h e  sma l l e r  
h a l f  cone angles of t h e  b a l l i s t i c  booster concepts,  t h e  L/D 
curve would probably have a lower s lope  and would peak a t  a 
lower value of t h e  angle-of-attack. A t  a given angle-of-at tack,  
t h e  C M ' s  could very poss ib ly  be l a r g e r .  
probably somewhat o p t i m i s t i c  f o r  t h e  boos te r  concept.  

Thus, Apollo d a t a  i s  

The AV requi red  depends upon t h e  aerodynamic moment 
t h a t  must be overcome. This moment i s  given by 

where p i s  the a i r  dens i ty ,  V i s  t h e  speed, CM i s  t h e  moment 
c o e f f i c i e n t  as be fo re ,  d i s  t h e  r e fe rence  length  (the diameter 
of the cone b a s e ) ,  and A is  t h e  re ference  area ( t h e  a r e a  of  
the cone b a s e ) .  I f  w e  now l e t  m be t h e  mass of t h e  v e h i c l e ,  
T = ho/V be t h e  t i m e  f o r  t h e  veh ic l e  t o  f a l l  from a l t i t u d e  ho, 
and P be t h e  moment arm upon which t h e  engine t h r u s t  acts t o  
supply t h e  moment (it must  be about d/2 o r  sma l l e r )  , then t h e  
minimum AV requi red  may be es t imated  by 

2 
p cDAv 

- - 
= k) ($)( 2m ) T = SAaDT "min Pm 

I n  t h i s  express ion ,  aD i s ' t h e  drag  a c c e l e r a t i o n  and should be 

close t o  1 g. A = d/p must  be 2 or g r e a t e r ,  and 6 = %/CD i s  
determined by the c.m.  l oca t ion  and t h e  aerodynamics. 
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FIGURE F1 - APOLLO COMMAND MODULE LANDING CONFIGURATION SUBSONIC DATA (FROM REF. 18) 
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T o  g e t  a low estimate of t h e  AV requi red ,  t ake  X = 2, 
2 aD = 1 0  m / s e c  , and an average speed of 200 m/sec so t h a t  

T = 80 sec. Considering t h e  mach number = 0.7 aerodynamic d a t a ,  
L/D = 0.25 i s  achieved a t  an angle-of-at tack of 1 7 O ,  which 
g ives  6 = 0.043 w i t h  t h e  less s t a b l e  c.m.  l oca t ion .  These 
numbers r e s u l t  i n  AVmin = 70 m/sec. 
h a l f  that given above and hence doubling t h e  t i m e ,  t ak ing  

aD 
from t h e  mach number = 0.4 curves,  g ives  AVmin = 1 0 0  m/sec. 
This same d a t a  b u t  using the  more s t a b l e  curve gives  
"min 

Taking an average speed 

2 = 13 m/sec and X = 3, and reading t h e  less stable d a t a  

= 300 m/sec. 

With an I of 400 sec, a AV of 1 0 0  m / s e c  r e q u i r e s  
SP 

an expendi ture  of 2.5% of  t h e  veh ic l e  weight i n  f u e l .  A 
veh ic l e  wi th  a landing weight of 100 tons  r equ i r e s  2.5 tons  
t o  perform the  maneuver. T h e  weights might be h igher  s t i l l  
from performance degradation of deeply t h r o t t l e d  engines.  
The p e n a l t i e s  appear higher  than one would l i k e  t o  pay. 



APPENDIX G 

Flap Power Requirements 

Flap power requirements during t h e  in te rmedia te  
phase (us ing  t h e  f l a p  f o r  con t ro l )  are needed t o  determine 
i f  t h i s  type of con t ro l  should be employed. L e t  t he  sub- 
s c r i p t s  v and f r e f e r  t o  t h e  veh ic l e  and t h e  f l a p  r e spec t ive ly .  
A l s o  l e t  M i n d i c a t e  moment, F ,  f o rce ,  d ,  base diameter, and 
p ,  the moment arm of t h e  f l a p  c e n t e r  of  aerodynamic p res su re  
from t h e  c .m.  Then, 

2 
P CDAV 

= Mf = Ffp 2 

where aD = drag acce le ra t ion ,  6 = CM/CD, and X = d/p. 
a l l  of Ff acts on t h e  f l a p  a t  a d i s t a n c e  ph from t h e  hinge,  
then  the f l a p  power requirement i s ,  

I f  

(G3) - pf - w ph Ff = w ph m6XaD 

W i t h  ph = 1 m ,  u) = 2 0 ° / s e c  ( t h e  agency s h u t t l e  re- 
quirement - Ref. 2 0 ) ,  X = 2, aD = 1 g r  6 = 0.043 ( p e s s i m i s t i c ) ,  

and m = 100  tons ,  t h e  power requirement i s ,  

Pf = 30 KW = 40 hp 

The a c t u a l  requirement i s  probably much smaller. Much of Ff 
w i l l  be d u e . t o  pressure  changes on t h e  su r face  of t h e  
vehic le  i n  t h e  v i c i n i t y  of t h e  f l a p .  A more o p t i m i s t i c  value 
f o r  6 is  0.016.  The r a t e  requirement should be considerably 
less, because the  b a l l i s t i c  s h u t t l e  does no t  use t h e  f l a p  t o  
c o n t r o l  c r i t i c a l l y  timed maneuvers such as  f l a i r i n g  a g l i d e  
f o r  a h o r i z o n t a l  l anding;  use 10°/sec. Then t h e  power requi re -  
ment i s ,  
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Pf = 3 Kw = 4 hp (G5 1 

T h e  agency s h u t t l e  o rb i t e r  i s  s a i d  t o  r e q u i r e  a 
peak power of about  225 hp (Ref. 20) from i t s  a u x i l a r y  power 
u n i t  ( A P U )  system. Weights for t h e  APU system, inc lud ing  3 
redundant APU'  s , f u e l ,  and tankage, b u t  excluding plumbing 
and remote a c t u a t o r s  are repor ted  t o  range between 1 7 0 0  kg  
(Ref. 2 0 )  and 625 kg (Ref. 1 9 ) .  T h i s  d i f f e r e n c e  i s  p r imar i ly  
due t o  a completely s e p a r a t e  s y s t e m  i n  Ref. 2 0 ,  versus  tankage 
and power cond i t ion ing  shared  with t h e  a t t i t u d e  c o n t r o l  system 
i n  Ref. 1 9 .  R e f .  20 also r e p o r t s  t h a t  t h e  hydrau l i c  l i n e s  and 
remote a c t u a t o r s  weigh about 3900 kg. 

T h e  power system requi red  f o r  t h e  b a l l i s t i c  s h u t t l e  
concept  should be much l i g h t e r .  N o t  only i s  the peak power 
requirement  much less, b u t  t h e  t o t a l  energy requi red  is  a l so  
much less due t o  t h e  re la t ive ly  s h o r t  p e r i o d  i n  which a c t i v e  
c o n t r o l  i s  requi red .  R e f .  1 9  gives t h e  APU system w e i g h t  
(wi thout  e x t e r n a l  h y d r a u l i c  l i n e s )  fo r  1 0 0  hp wi th  1 0  hp-hr 
of  ene rgy ' s to rage  as about 1 0 0  kg. S m a l l  e x t e r n a l  plumbing 
and a c t u a t o r  weights a lso may be expected due t o  having only 
one main c o n t r o l  s u r f a c e  t h a t  may have t h e  APU placed close 
t o  it i n s t e a d  of several su r faces  spread  widely throughout 
t h e  veh ic l e .  Because of t h e  small power and energy requi re -  
ments, a l t e r n a t i v e  power supp l i e s  and power t r a n s p o r t  mechanisms 
may be l i g h t e r  t han  APU systems. 
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Gust Response i n  Hover 

I n  o r d e r  t o  o b t a i n  an estimate o f  t h e  e f f e c t  of wind 
g u s t s  dur ing  t h e  propuls ive  landing  phase on landing  accuracy,  
a s i m p l i f i e d  model is  used. The v e h i c l e  i s  assumed t o  be  
hovering a t  a cons t an t  a l t i t u d e  when a wind g u s t  of some 
v e l o c i t y  h i t s  t h e  veh ic l e .  Control of l a t e ra l  p o s i t i o n  x i s  
ob ta ined  by commanding t h e  vehicle a t t i t u d e  angle  8 from the 
v e r t i c a l .  A t t i t u d e  c o n t r o l  i s  obta ined  by d i f f e r e n t i a l  
t h r o t t l i n g  of  engines  whose response i s  modeled as a f i r s t  
o r d e r  l a g  wi th  t i m e  cons t an t  T. For the space s h u t t l e  engines  
p r e s e n t l y  under cons ide ra t ion  and w i t h  the t h r o t t l e  va lves  
i n s e r t e d  i n  the l i q u i d  l i n e s ,  T is  about 0.25 sec (Ref. 2 1  
and 2 2 ) .  A s i g n a l  flow diagram of t h e  assumed system is  shown 
i n  F igure  H - 1 ,  which uses  s as t h e  Laplace v a r i a b l e ,  x as t h e  
l a te ra l  p o s i t i o n ,  and A ' s  and L's as ga ins .  a i s  t h e  l a t e ra l  
a c c e l e r a t i o n  due t o  winds. The l i m i t i n g  of c o n t r o l  variables 
or  rates i s  n o t  modeled. Although t h e  a c t u a l  system would b e  
complicated and d i g i t a l l y  implemented and inc lude  a decreas ing  
a l t i t u d e  and aerodynamic e f f e c t s ,  the  l i n e a r  model shown here 
shou ld  g ive  a good f i r s t  approximation of t h e  e f f e c t s  of  g u s t s  
j u s t  b e f o r e  touchdown. 

9 

The system response t o  a s t e p  g u s t  f o r c e  i s  des i r ed .  
Evalua t ion  o f  t h e ' s i g n a l  flow diagram g ives  t h e  s t eady  s t a t e  
response as 

With the ga ins  chosen t o  g ive  good response speed i n  both  
ang le  and p o s i t i o n ,  t h e  p o s i t i o n  c o n t r o l  i s  dominated by a 
mi ld ly  o s c i l l a t o r y  response with a characterist ic t i m e  o f  about  
1 O . r  = 2.5 sec. The s t eady- s t a t e  response corresponding t o  
these c h a r a c t e r i s t i c s  i s  given approximately as ,  

x = 80r2 a = 5 sec2 a 
g g 
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T h i s  value i s  dependent upon the  ga ins  chosen and can be reduced 
t o  zero  by n o t  having feedback of t h e  a t t i t u d e  angle.  However, 
t h e r e  w i l l  be a t r a n s i e n t  response i n  any case, and t h i s  ex- 
p re s s ion  supp l i e s  an es t imate  of the  maximum dev ia t ion  f r o m  
the commanded pos i t i on .  

If a v e h i c l e  of t h e  shape considered has a terminal  
v e l o c i t y  of 1 0 0  m/sec, then a la te ra l  a c c e l e r a t i o n  a of about 
1 m / s e c 2  w i l l  be suppl ied  by a g u s t  of about 30 m/sec = 60 knots ;  
and the  s teady  s ta te  vehic le  displacement w i l l  be 5 meters. A 
g u s t  of 20 knots  g ives  0 .5  m displacement.  I f  s t eady- s t a t e  wind 
components can be est imated and accounted f o r ,  then t h e  landing 
c h a r a c t e r i s t i c s  of the veh ic l e  i n  moderately gusty a i r  should 
be q u i t e  adequate. 

9 
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